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We present new medium-band uvby Strömgren and broad-band VI photometry for the central regions of the globular cluster ω Cen. From this photometry we have obtained differential reddening estimates relative to two other globular clusters (M 13 and NGC 288) using a metallicity-independent, reddening-free temperature index, [c] ≡ (u − v) − (v − b) − 0.2(b − y), for hot horizontal-branch (HB) stars (T e ≥ 8, 500 K). We estimate color excesses of these hot HB stars using optical and near-infrared colors, and find clumpy extinction variations of almost a factor of two within the area of the cluster core. In particular, the greatest density of more highly reddened objects appears to be shifted along the right ascension axis when compared with less reddened ones. These findings complicate photometric efforts to investigate the star formation history of ω Cen.
Subject headings: globular clusters: general -globular clusters: omega Centauri
Introduction
The difficulty of obtaining absolute reddening estimates toward globular clusters (GCs) has plagued distance determinations, and in turn absolute age estimates (Renzini 1991; Castellani 1999; Gratton et al. 2003) . Uncertain reddening also affects the comparison between theory and observations (Zoccali et al. 2000) . This problem becomes even more severe for GCs affected by differential reddening (Piersimoni et al. 2002; Stetson et al. 2003) . Several methods have been suggested to provide robust reddening estimates based on either medium-and broad-band photometry (Webbink 1985; Stetson 1991; Anthony-Twarog & Twarog 1993; Kovacs & Walker 2001) or high-resolution spectra (Carretta et al. 2004 ). However, current methods to estimate cluster reddenings may be affected by systematic uncertainties (Piersimoni et al. 2002; Zoccali et al. 2001 ). This applies not only to GCs with very low reddening such as M3 (Cacciari et al. 2005) , but also to moderately reddened clusters like ω Cen. Current reddening estimates toward ω Cen cluster around E(B − V ) = 0.11 ± 0.02 (Lub 2002; Thompson et al. 2001) . However, the reddening map of Schlegel et al. (1998) indicates reddening variations of ∼ 0.02 across the body of the cluster, while 2MASS data (Law et al. 2003) show a very clumpy reddening distribution outside 1
• (100 pc) from the cluster center.
In a recent investigation (Freyhammer et al. 2005) , we presented accurate optical (BRI ) and near-infrared (JK ) photometry for stars in ω Cen. Adopting a metal-intermediate chemical composition (0.003 < Z < 0.015) and an age coeval with the bulk of the ω Cen stars, we found a plausible fit of the anomalous red giant branch (ω3, Lee et al. 1999 ) if we increase the distance modulus by ∆µ = 0.2, and the reddening by ∼ 0.03. This suggests that the ω3 branch could be a clump of stars located ∼ 500 pc beyond the main body of ω Cen, and that there may be a clumpy reddening distribution across the cluster. To further constrain the possibility of differential reddening toward ω Cen, we decided to use hot HB stars (T e ≥ 8, 500 K), since their relation between effective temperature and photometric color is minimally affected by chemical composition (Webbink 1985) . We adopt a reddening-free temperature index based on Strömgren photometry, [c] (Crawford et al. 1976; Cardelli et al. 1989) , to estimate the reddening of individual hot HB stars. The main advantage of this approach is that the [c] index is a very robust temperature indicator for these stars. (1993 ( and 1995 ( , see Hilker 1999 Hilker & Richtler 2000) . The photometry was performed using DAOPHOTII/ALLSTAR/ALLFRAME (Stetson 1987; Stetson 1994) . The final merged star catalog includes ≈ 2 × 10 5 stars. The typical photometric precision for faint hot HB stars is better than ∼ 0. m 03 at y ≈ 19.5 and better than ∼ 0. m 02 at u ≈ 19 mag. The absolute calibration of Grundahl's data was based on ∼ 120 HD standard stars observed over six non-consecutive nights. We defined local cluster standards to calibrate the remaining overlapping fields. A comparison between our calibrations and those of Richter et al. (1999) indicates agreement in vby better than 0.02-0.03 mag. A detailed discussion of the photometry and calibration will be given in a future paper (Calamida et al. in preparation) .
Observations and reddening estimates
Near-infrared JK s images of ω Cen collected in 2001/2002 with SOFI@NTT (ESO, La Silla) were analyzed together with data from 2000, available in the ESO archive. The merged catalog contained ∼1×10 5 stars. We also collected V I images in 1999, with FORS1@VLT (standard-resolution mode, ESO, Paranal). The seeing was better than 1 ′′ .0 and the final catalog includes > 5 × 10 5 stars. The accuracy of the absolute zero-points is of the order of 0.02-0.03 mag (Freyhammer et al. 2005) . To obtain differential reddening estimates for ω Cen we selected two GCs, specifically M 13 (= NGC 6205 = C1639+365, [Fe/H]=-1.54) and NGC 288 (= C0050-268, [Fe/H]=-1.24), each marginally affected by reddening (E(B-V)=0.02, M 13; E(B-V)=0.03, NGC 288; Harris 2003) , and each possessing an extended blue HB for which both uvby Strömgren (Grundahl et al. 1999) and VI photometry exist. Our VI photometry consists of both original and archival data analyzed by PBS (Stetson 2000) . 1 . The spread in color might be due to variations in the reddening toward ω Cen, since the [c] index is reddening-free and the colors of hot HB stars should marginally depend on metal abundance.
To confirm that colors of hot HB stars are metal-independent we transformed theoretical Zero Age Horizontal Branches (ZAHBs) for three different chemical compositions into the (u − y vs [c]) observational plane using the color-temperature transformations and bolometric corrections of Castelli (2005, private communications). For more details concerning the input physics and the adopted evolutionary parameters see Pietrinferni et al. (2004) . Fig. 2 shows that HB structures hotter than 8,500 K (u − y < 1.7) are scarcely affected by metal abundance; the same applies to the other Strömgren and broad-band colors. Note that current scenario depends at most very weakly on an alpha-element enhancement, since according to current evolutionary predictions only stellar structures cooler than 6,500 K appear to be affected (see Fig. 1 in Cassisi et al. 2004 ). Table 1 ). Allowing for the estimated reddening of NGC 288 and M 13, we find a mean reddening for ω Cen ∼ E(B − V ) = 0.13 ± 0.04 (from the NGC 288 comparison) or ∼ E(B − V ) = 0.10 ± 0.03 (from M 13). These estimates agree well with values available in the literature. The typical photometric precision in the colors is ≤ 0.03 and ≤ 0.02 for hot HB stars in M 13 and in NGC 288, respectively. Note that the absolute reddening of ω Cen calibrated against M 13 is smaller than that calibrated against NGC 288, suggesting that the published reddening for M 13 might be slightly low (i.e., it should be ∼ 0.04 instead of 0.02) or the reddening of NGC 288 might be high (i.e., it should be ∼ 0.01 instead of 0.03). However, the concordance between the color excesses estimated from the different colors suggests that the difference does not stem primarily from photometric calibration errors.
Although the new mean reddening value for ω Cen agrees well with literature values, reddening estimates for individual hot HB stars present a star-to-star scatter larger than our error budget. In particular, the reddening seen in the u−y color ranges from E(u−y) ∼ 0.05 to E(u − y) ∼ 0.28 (0.03 To further constrain this hypothesis, we have also investigated the color distribution of hot HB stars in the u − J and u − K colors. Again, we estimated the ridge lines of hot HB stars in the different (color) vs [c] planes and the color-distances of individual objects from the ridge lines. Fig. 3 shows the distribution for all six colors together with Gaussian fits (solid lines). To assess whether individual color excesses might be due to photometric errors, we investigated the star-by-star correlations among the different colors. Fig. 4 shows that the color excesses are well correlated in both medium and broad-band photometry. Note that the outliers in u − J and u − K are stars close to the cluster center (d ≤ 1 ′ .5) whose photometry could be affected by crowding.
Finally, we investigated the spatial distribution of less-, more-, and average-reddened HB stars (respectively, outside and within ±1σ). Fig. 5 shows that the distribution of these objects is clumpy. In particular, at the largest radii shown, less-reddened HB stars (blue dots) outnumber the more-reddened ones (red dots), especially in the Northwest, Northeast, and Southeast quadrants. Moreover, less-reddened stars on the East (left, X > 0) side of the cluster outnumber those on the West side, and a less pronounced although still real absence of blue dots is seen in the Northwest (top right) quadrant and at small radii. There is also evidence for a particular shortage of more-reddened stars with X > 250 and an unusually low dispersion in reddening in the Southwest quadrant, with few blue OR red dots present at larger radii.
Discussion and final remarks
We have derived homogeneous and accurate uvby Strömgren and VI photometry for ω Cen . An empirical method based on hot HB stars provides robust differential reddening estimates relative to two globulars marginally affected by reddening, NGC 288 and M 13. In all colors, the reddening estimates for individual stars show variations of at least a factor of two within our field. This supports the suggestion of differential reddening toward ω Cen by Dickens & Caldwell (1988) and by Freyhammer et al. (2005) from comparisons between evolutionary predictions and accurate multi-band photometry, and also the mild extinction variations detected by Minniti et al. (1992) from linear polarization. Unfortunately, the latter study does not cover the cluster core. Finally, circumstellar emission has been recently detected in five ω Cen red giants near the tip of the RGB and AGB by Boyer et al. (2004) in Spitzer Space Telescope IRAC images ranging from 3.6 to 8.0 microns.
The overall distributions on the sky of more-and less-reddened stars are rather different, suggesting that the foreground material is clumped on arcminute angular scales. However, more-and less-reddened stars are also found close together on the sky, suggesting that either: (a) the absorbing material also displays structural features on arcsecond scales, or (b) some of the absorbing material is within the cluster, and we are seeing front-to-back differences as well as foreground gradients. Our results show that ω Cen is indeed subject to variable reddening, which should be taken into account in photometric investigations. Omega Cen is different from M22, where the entire color dispersion among RGB stars may be due to patchy foreground extinction (Richter et al. 1999) . However, dust in front of or inside ω Cen does complicate the efforts to uncover the details of its formation history and metallicity spread, and more work to quantify the extinction pattern is highly desirable. Thus, these findings should be independently confirmed with different stellar tracers. For instance, high-resolution spectra across H α or perhaps the Na-D lines plus accurate multiband photometry of RGB stars would be very useful to disentangle reddening and metallicity effects.
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